The interaction of polymers with water has been extensively studied because of its scientific interest and importance in industrial applications.
potentiometric, 5 spectroscopic 6 measurements and thermal methods, 7 indicated that the physicochemical properties of water in polymer solutions are significantly changed, compared to those of pure water.
Recently, Zaslavsky et al. 8 reported "polarity" of aqueous PEG solutions measured by a solvatochromic technique. 9 They measured the molar transition energy (ET) for the UV-VIS absorption band of Reichardt's betaine dye 9 in aqueous solutions of PEGs of various molecular weight (MW) at different concentrations, and observed that the polarity of aqueous PEG solutions, represented by ET, decreased with increasing the MW and concentration of PEGs. It has been suggested that the polarity decrease is due to the structuring action of PEG on water and that the observed solvatochromic effects are due to a change of solvent properties produced by the presence of polymer molecules, not due to a direct interaction of the dye with the polymer. 5, 8 It is well known that ET is a composite characteristic that actually responds to changes in both a solvent's dipolarity/polarizability and a solvent's hydrogen bond (HB) donor acidity strength. 10, 11 This suggests that the ET values alone can not clearly explain whether the presence of PEG molecules in water cause both of the dipolarity/polarizability and HB donor acidity of water or only one of these two properties to be altered. Water is HB basic as well as dipolar and HB acidic. 11 In order to fully understand the effect of PEG on water we thought it is important to measure the HB acceptor basicity as well as the dipolarity/polarizability and HB donor acidity of the water in the presence of varying concentration of PEG.
In the present work, we used the Kamlet- Taft  solvatochromic  comparison  approach   10 to study dipolarity/polarizability (π*), HB acceptor basicity (β) and HB donor acidity (α) of aqueous PEG solutions. This method has been widely used to measure these properties of many types of solvents and solvent mixtures. [10] [11] [12] [13] [14] [15] [16] The π*, β and α values for neat liquid PEGs at room temperature have also been measured. Terminal hydroxyl groups of a PEG molecule can act as both an HB donor acid and an acceptor base, and oxyethylene repeating units can act as HB acceptor base. PEG molecules with these moieties are certainly dipolar. These properties of neat liquid PEG might be useful in understanding how PEG molecules affect the properties of water in which they dissolve.
Experimental

Reagents and materials
Poly(ethylene glycol)s (PEG) of nominal number average molecular weights of 200, 300, 400, 1000, 2000 and 8000 (designated as PEG-200, PEG-300, PEG-400, PEG-1000, PEG-2000 and PEG-8000, respectively), and ethylene glycol (EG) were obtained from Aldrich (Milwaukee, USA) and used as received.
The dyes used were N-methyl-2-nitroaniline (NM2NAN, 1), 2-nitroanisole (2NAS, 2), N,N-dimethyl-4-nitroaniline (NNDM4NAN, 3), 4-ethylnitrobenzene (4ENB, 4) and 4-nitroanisole (4NAS, 5) for π* measurements, and 4-nitroanisole/4-nitrophenol (4NP, 6) and N,N-dimethyl-4-nitroaniline/4-nitroanliline (4NAN, 7) pairs for β measurements. The dye used for the α measurements was dicyanobis(1,10-phenanthroline) iron(II) (DCBPI, 8). All of the dyes were of the highest grade available from Aldrich. HPLC-grade water was obtained using an Elgastat UHQ II water purification system (Bucks, England).
Spectroscopic measurements
All absorption spectra were obtained from a Hewlett-Packard 8452A Diode Array spectrophotometer (Waldbronn, Germany). Aqueous PEG solutions containing the dyes were prepared by stirring measured amounts of the individual components for 2 h in order to obtain homogeneous solutions. All of the samples were thermostatted at 25 ± 0.2˚C for 15 min using a HewlettPackard Peltier thermostatted cell holder before scans were made. Each of the samples was gently stirred after sitting for 10 min in order to ensure temperature equilibrium throughout the sample. In order to check for any concentration dependence, measurements were repeated at 5 different concentrations ranging from 0.05 mM to 1 mM. In all cases the standard deviation in the wavelength of the maximum absorption was found to be less than 0.3 nm, and did not vary with the concentration. Consequently, the PEG solutions were examined at a single solute concentration chosen within the above range.
Calculation of the solvatochromic parameters
The values of π* were calculated from the absorption maxima in wavenumbers (σmax) in the UV/visible spectra of the π* dyes (NM2NAN, 2NAS, NNDM4NAN, 4ENB and 4NAS) according to a method described by Kamlet and Taft. 17 The spectra of these dyes reflect only the dipolarity/polarizability of their environment. 18 The Kamlet-Taft standard was used here, which is to set the π* value of cyclohexane equal to zero and the value for dimethylsulfoxide (DMSO) equal to unity.
The β values were obtained by using pairs of dyes (4NP/4NAS and 4NAN/NNDM4NAN) by following an approach similar to that described in the literature. 19 To determine a β value, the dipolarity/polarizability effect on the absorbance shift must be eliminated; thus a reference dye that is sensitive only to dipolarity/polarizability has to be used. The dyes (4NAS and NNDM4NAN) were used here. The π→π* transition energies of the dyes 4NP and 4NAN in solvents without any hydrogen-bond-donating ability, such as benzene, methylene chloride, toluene, trichloroethylene, chlorobenzene, 1,2-dichloroethane, carbon tetrachloride, cyclohexane and hexane, are plotted against the corresponding values for 4NAS and NNDM4NAN, respectively. The regression lines for these data are the standard lines, i.e., the non-β effect lines. The deviations from these lines are considered to be a quantitative measurement of the β effect for the solvent, which is normalized so that the β value for hexamethylphosphoramide (HMPA) is equal to 1.00.
The α values may not be determined using a similar approach to that used for the β measurement, due to difficulties in finding a reference dye that is sensitive only to the dipolarity/polarizability. 10, 13 Thus, the α values were determined from the following linear solvation energy relationship for σmax of a dye:
where σmax,o is the intercept of the regression equation; s and a are regression coefficients for the solvatochromic parameters, π* and α. Inclusion of the dipolarity/polarizability parameter (π*) comes about naturally, since any compound that is able to donate or accept hydrogen bonding will also undergo dipolar interactions. When the value of π* is available for a given solvent, the α parameter can be estimated by
In order to minimize possible errors due to self-association of strong HB donors or solvents and to errors in the π* values, Kamlet et al. 10 suggested that properties which meet the following criteria be chosen for formulating an α scale: (a) The properties should involve a sufficiently strong HB acceptor, so that competitive solvent self association should not materially influence the enhanced solvatochromic effects due to hydrogen bonding. (b) The ratio of the a/s terms in Eq. (1) should not be too low (preferably > 1.0), so that uncertainties in the π* values, which are necessarily less reliable for the HB donors than for the non-HB donor solvents, should not introduce any unacceptable uncertainties in the α values. The dye DCBPI meets these requirements and has been shown not to exhibit any dye-specific behavior. 13, 16 For DCBPI used in this work the following solvatochromic regression equation for the σmax in 9 pure solvents was obtained: Assuming that Eq. (3) for pure solvents also holds for aqueous PEG solutions, the α values for aqueous PEG solutions were computed as follows using the measured π* and σmax values for the solutions:
The π* values determined using this approach are good to about ±0.02, the α values are good about ±0.05, and the β values are precise within ±0.10.
Results and Discussion
Dipolarity/polarizability, hydrogen bond acceptor basicity and hydrogen bond donor acidity of pure liquid PEGs Table 1 lists values of π*, β and α for water and EG. 11 room temperature. The values of π* are essentially the same regardless of the MW of PEGs for the range of MW studied. The π* value of PEGs is smaller than that for water, but larger than that for EG. Table 3 lists the β values for PEG-200, 300 and 400 measured by using the 4NAS/4NP (5/6) and NNDM4NAN/4NAN (3/7) indicator pairs. The β values are essentially the same for the PEGs of the MW range investigated. The β value of PEG is somewhat larger than those for EG and water.
The α values for PEGs determined by using the DCBPI indicator are also listed in Table 3 . The values were computed from Eq. (4) using the corresponding π* values for the PEGs. The α values for PEGs increase with the MW of the polymer. The magnitude of α for the PEGs is much smaller than that for water and EG (Table 1) .
Dipolarity/polarizability, hydrogen bond basicity and hydrogen bond acidity of aqueous PEG solutions
Dipolarity/polarizability. To see if there is any effect of PEG on the dipolarity of water, λmax for 5π* indicators in aqueous solution of PEG-8000 with concentration range from 0 to 30 wt% were measured. There was no change observed in the λmax values for all 5 indicators before and after adding PEG to water at concentrations from 0 to 30 wt% (NM2NAN, 446 nm; 2NAS, 336 nm; NNDM4NAN, 422 nm; 4NAS, 316 nm; 4ENB, 286 nm). Adding PEGs of lower molecular weight to water also showed no change in the λmax values for the indicators. It seems that interactions between PEG and water, which are of similar dipolarity, do not appreciably alter the dipolarity of water. Hydrogen bond basicity. To see the effect of PEG on the HB basicity of water, λmax for two sets of β indicators in aqueous solution of PEG-8000 with a concentration range from 0 to 30 wt% were measured. There was no change observed in the λmax values for the indicators before and after the addition of PEG to water over the concentration range. Adding PEGs of the lower molecular weights to water also showed no change in the λmax values for the indicators. This indicates that added PEG does not alter the HB basicity of water, even though the β value for PEG is a bit greater than water (see Table 1 ).
One plausible explanation for this observation is as follows. There are two types of hydrogen-bonding interactions possible between PEG and water: type A HB between water as an HB donor (HBD) and PEG as an HB acceptor (HBA), and type B HB between water as an HBA and PEG as an HBD. Water is a much stronger HB acid (α = 1.17) than HB base (β = 0.40). The strength of type A HB between hydroxyl protons of the stronger HB acidic water and oxyethylene oxygens of the stronger HB basic PEG (β = 0.65) is thus likely to be greater than that of type B HB between the weaker HB basic water (β = 0.40) and the weaker HB acidic PEG (α = 0.31 -0.46). Type A HB interactions between water and PEG in the solution are then expected to prevail over type B HB. Oxyethylene oxygens of a PEG molecule, the HB basic sites, may be sterically shielded by the already formed hydrogen bonds, but are still available for additional HB formation.
The hydration number per oxyethylene unit varies from 1.6 to 3.3 with MW. 7 It thus seems that type A HB interactions between hydroxyl hydrogens of water and oxyethylene oxygens of PEG molecule do not appreciably affect the HB basicity of water. Hydrogen bond acidity. The α values for aqueous solutions for PEGs of different MW at different concentrations are listed in Table 4 , along with those for EG for a comparison. It is seen that PEG causes a greater decrease in the α value of the resulting aqueous solution than EG. This observation may be explained by similar reasoning to the HB basicity behavior of the PEG solutions. Both PEG and EG have two hydroxyl groups that act as HB donor sites, while PEG has a much greater number of HB accepting oxyethylene units than EG. PEG with a larger number of HBA sites is then a much stronger HB base than EG (β value, 0.65 vs. 0.52). Water is a much stronger HB acid than HB base. The strength of type A HB interactions between water and PEG (the stronger HBA) are expected to be greater than that between water and EG (the weaker HBA). In contrast to oxyethylene oxygens of a PEG molecule that may be sterically shielded by the already formed hydrogen bonds, but still available for more HB formation, the hydroxylic protons of water are enclosed in HB once formed, and will thus be much less available for the next type A HB formation. It is thus expected that type A HB interactions between hydroxyl hydrogens of water and oxyethylene oxygens of PEG molecule would decrease the HB acidity of water. Stronger HB interactions of PEG with water would cause the HB acidity of water to be weakened to a greater extent than with EG, resulting in larger decreases in the α values of the aqueous solutions.
PEGs of the higher MW (1000 -8000) show a somewhat greater decrease in the magnitude of α than PEGs of the lower MW (200 -400). PEGs of higher MW have a greater number of oxyethylene units, and hence cause a greater decrease in the values of the solutions. The magnitude of the α values of PEG solutions decreases with increasing the amount of PEG in water. Similarly, increasing the number of the oxyethylene units with increasing wt% in water causes a decrease in the α values of the solutions. slopes increased monotonically with the MW of PEG. 8 The changes in the slope for α vs. wt% were observed at a PEG concentration of around 15 wt% of PEG in water, regardless of MW of PEG. For the betaine dye, the concentration at which the slope change occurs (Ci) decreased very rapidly when MW of PEG was varied from 200 to 600, but it showed the same value when MW of PEG was varied from 2000 to 60000. 8 Since the polarity measured by the ET for the betaine dye is a composite property of π* and α, and the dyes used for solvatochromic measurements are different, the slope for the α vs. wt% plot and the Ci values can not be directly compared to those observed for the betaine ET values. Nevertheless, overall trends are quite similar. Explanations for these observations for the ET values were made earlier. 8 According to studies done by using other means of measurements, [20] [21] [22] such as conductivity and permittivity measurements, aqueous solutions of PEGs with a polymerization degree less than ca. 13 showed different property than that of PEGs with a polymerization degree greater than 13. It was also shown that the presence of PEG molecules in water changed the intermolecular arrangement of the water molecules and thus the HB energies. The results in the present work seem to indicate that these changes in intermolecular arrangement of the water molecules and consequent changes in HB energies are mainly caused by changes in the HB donor acidity of water due to the presence of PEG molecules.
In summary, PEG in aqueous solutions decreases α for water, while it does not change appreciably π* and β for water in the range of molecular weights and compositions studied. Any changes ever occurred in the structure of water by the presence of PEG molecules seemed to be caused mainly by change in the HB donor acidity of water. The estimated values of the solvatochromic parameters can vary with the type of probe used, and thus the use of multiple probes is required to obtain a value for a specific parameter without any probe-specific deviations. 10 It is thus suggested that the values of the solvatochromic parameters, estimated using a single probe or a single pair of probes in the present work, should be interpreted only in a relative sense. ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 
